The purpose of this study was to characterize pharmacokinetics (PK) of PF-04236921, a novel anti-interleukin-6 monoclonal antibody, and its pharmacokinetic/pharmacodynamic (PK/PD) relationship on serum C-reactive protein (CRP) in healthy volunteers and patients with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and Crohn's disease (CD).
Introduction
The proinflammatory cytokine interleukin (IL)-6 has been implicated in the pathophysiology of autoimmune diseases including rheumatoid arthritis (RA), Crohn's disease (CD) and systemic lupus erythematosus (SLE), and represents a rational therapeutic target [1] [2] [3] . Tocilizumab, a monoclonal antibody that targets the IL-6 receptor, has been approved for the treatment of RA and Castleman's Disease [4] .
PF-04236921 is a fully human IgG2 monoclonal antibody (mAb) that binds to and neutralizes IL-6. PF-04236921 has been tested in healthy volunteers and RA subjects in Phase 1 studies [5] and in SLE [6] and CD subjects [2] in Phase 2 studies. Concentrations of serum IL6 were low and variable, creating a challenge for using this marker to measure pharmacology. Therefore, serum C-reactive protein (CRP), whose hepatic production is predominantly mediated by IL6 [7] , was used as the pharmacology marker for PF-04236921. Overall, PF-04236921 demonstrated desirable pharmacokinetic (PK) and pharmacodynamic (PD) properties supporting sustained target inhibition, and low incidence of immunogenicity upon single and multiple dose administrations [2, 5, 6] . Efficacy and safety findings were discussed previously.
PK and PD of mAbs in treatment of autoimmune disease can be influenced by patient and disease factors such as sex, body size, concomitant use of immunosuppressive agents, disease status, serum albumin concentration and immune status [8, 9] . While population modelling analyses of anti-IL6 mAbs including siltuximab [10] , sirukumab [11] and olokizumab [12] have been reported in literature in individual studies, no integrated analysis of an anti-IL6 mAb using pooled study populations has been reported. The objectives of current work were to conduct population PK and PK/PD model analysis of PF-04236921 using pooled data from the Phase 1 and 2 studies, and to understand factors contributing to inter-subject variability in PF-04236921 PK and PD.
Methods

Clinical studies and PK and CRP assessments
Data for the modelling came from five clinical studies of PF-04236921 including two phase 1 single dose studies in healthy volunteers [Studies B0151001 and B0151004 for intravenous (IV) and subcutaneous (SC) administration, respectively], a phase 1 multiple dose study in RA patients receiving background methotrexate (Study B0151002), a phase 2 proof-of-concept/dose-ranging study in moderate to severe CD subjects (Study B0151003) and a phase 2 proofof-concept/dose-ranging study in patients with moderate to severe SLE (Study B0151006).
Details of these clinical studies including their trial registration numbers and PK and CRP sample collections are presented in Table 1 . All protocols and consent forms were reviewed and approved by each institutional review board subject to applicable laws and regulations and ethical principles consistent with the Declaration of Helsinki.
Serum samples were analysed for PF-04236921 concentrations using a validated, sensitive and specific enzyme-linked immunosorbent assay. The lower limit of quantitation (LLOQ) of the PK assay was 100 ng ml -1 . A high sensitivity CRP assay based on the principle of particle-enhanced immunological agglutination was validated for the quantitation of CRP. The LLOQ of the CRP assay ranged from 0.01 to 0.02 mg dl -1 .
Modelling building strategy and software
Population analysis was conducted using NONMEM software Version 7.2 and 7.3 (ICON, Ellicott City, MD, USA) and final analyses were performed using NONMEM 7.3. Graphical and all other statistical analyses, including evaluation of NONMEM outputs, were performed using R version 3.0.2 and 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). Model-based simulations were conducted using Perl-speaks-NONMEM (PsN) Version 3.5.4 and 4.2.0 [13] . The NONMEM first order conditional estimation method with η-εinteraction was employed for all model runs. The modelling analysis was conducted following the order of base model development, covariate model development, final model development and model quantitation (goodness of fit) as described in detail below. Overall, for PK structure model development, a base PK model was first developed using the rich-time course data from B0151001 and B0151004. The base structure model was subsequently applied to the pooled data for all five studies for refinement. Once a PK structure model was developed, the impacts of covariates of interest on the PK parameters were assessed for a full PK model development. After completion of the population PK analysis, population PK/PD analysis was conducted using the Population PK Parameters and Data (PPP&D) method [14] , where PD model parameters were estimated conditioning on the PK parameter estimates obtained from the population PK model as well as on the PK data themselves.
Population PK modelling
Compartmental PK models with linear elimination were tested as starting baseline model; however, alternative models incorporating nonlinear elimination were also evaluated. Since the range of the observed concentrations was large, serum PF-04236921 concentrations were logarithmically transformed before model fitting. The number of PK samples with PF-04236921 concentrations below the limit of quantitation were low, 8.5% of all postdose PK data, and excluded from the current analysis. For random model development, interindividual variability (IIV) in the PK parameters was modelled using multiplicative exponential random effects. Specifically, CL for the ith individual, CL i , has the following form:
where CL i is the typical individual (population mean) value of the parameter and η CL,i denotes the individual random effect with mean zero and variance ω 2 CL . The multivariate vector of interindividual random effects has variance-covariance matrix Ω. For example, η CL,i and η Vc,i have the following covariance structure:
where ω CL × Vc represents covariance for η CL,i and η Vc,i , which is fixed to zero if the random effect parameters are assumed to be independent. IIV was modelled by log transforming both sides approach with an additive error model. An observed serum concentration for the ith individual at time t ij (Y ij ) was specified by:
where F ij represents a model-predicted concentration. The error term ε ij was assumed to follow a normal distribution independently with mean zero and common variance σ 2 .
To explain IIV for the residual error, an interindividual random effect η error,i was incorporated into the error term as e η error;i . For covariate model development, demographic characteristics (body weight, age, body mass index, sex) and baseline concentrations of laboratory data [albumin (ALB), creatinine clearance (CL CR ) and CRP] were available in these studies and evaluated as potential covariates of interest. Because body size, specifically body weight, has been identified as the most significant covariate on the PK (clearance and volume of distribution) of many monoclonal antibodies [15] , a power model on body weight was incorporated to each disposition parameter (CL, Vc, Q, Vp) in the structural PK model before proceeding to the covariate modelling. Immunogenicity was not tested as a potential covariate given the very low incidence of ADA across all these clinical studies [2, 6] .
For the final PK model development, covariate modelling was conducted systematically using step-wise covariate modelling (SCM) approaches implemented in PsN. The procedure involved stepwise testing of relationships in a forwards inclusion [difference in objective function values (ΔOFV) of 3.84, P < 0.05, df = 1] and backwards exclusion (ΔOFV of 6.63, p < 0.01, df = 1) procedure. Clinical relevance of the relationship was also considered.
Continuous covariates were tested using a power model. For example, the model for P is expressed as follows:
where P i represents the model predicted parameter for the typical individual with covariate x i . The P represents the population central tendency for the individual P i . The median (x) represents the median value for the covariate in the subjects studied and θ x represents a scale factor. The following linear model was to be tested as applicable:
where θ x represents a linear slope for the covariate x. The categorical covariates were modelled using the general equation:
where COV i = θ x for test group and COV i = 1 for reference group.
Population PK/PD model for serum CRP response
For the PK/PD modelling, serum CRP concentrations below the LLOQ were analysed as LLOQ/2. The below the limit of quantitation data accounted for 9.4% of the total CRP data. Serum concentrations of CRP were logarithmically transformed before model fitting.
An indirect response model (as shown below) that is relevant to the anti-IL-6 mechanism of action for PF-04236921 was tested as the base structure model in the current study.
where the C and R represent serum PF-04236921 and CRP concentrations, respectively. The Kin and Kout refer to a zero-order synthesis rate and a first-order elimination rate for CRP, respectively. The I max represents a maximum inhibition of PF-04236921 on the synthesis rate and IC 50 represents serum PF-04236921 concentration that leads to 50% of I max ; γ represents Hill coefficient. The BLCRP refers to baseline CRP level. The PD parameters were estimated separately for each disease (i.e. healthy subjects, patients with RA, CD and SLE). Systematic model selection approach such as SCM was not performed thoroughly due to difficulty in NONMEM convergence and estimation runtime. Covariate models were investigated based on visual inspection of relationships between η (s) and covariates, limited forward inclusion by adding a covariate one at a time (up to three covariate combinations), and stability of the parameter estimation.
Continuous and categorical covariates were incorporated into the model in a same manner as PK covariate modelling. Inter-and intraindividual variabilities in the PD parameters were modelled using the same approach as PK error model described in the previous section.
Model qualification for PK and PK/PD models
The model was evaluated by diagnostic plots, nonparametric bootstrapping and visual predictive check (VPC). The η-and ε-shrinkage were also calculated [16] .
Diagnostics plots included observed PF-04236921 or CRP concentrations vs. population predicted concentrations (PRED) or individual predicted concentrations and conditional weighted residuals (CWRES) vs. PRED or time.
For the final PK model, nonparametric bootstrapping with 1000 datasets (i.e. obtained from random sampling with replacement; each with subject number equivalent to the actual dataset) was performed to check the performance of the model. The bootstrap datasets were stratified by study to maintain the distributions consistent with the source dataset. For the bootstrap runs, descriptive statistics for each parameter estimate (2.5 th , 50 th and 97.5 th percentiles) were summarized to evaluate validity of the final parameter estimates and their 95% CIs calculated based on normal approximation under the final model. For the PK/PD final model, median and 95% CI (mean ± 1.96 × standard deviation) for all the fixed and random effects parameters were obtained from a limited nonparametric bootstrap. The procedure was same as bootstrap in the PK modelling but the number of the datasets was set to 30 due to limited computer resources in performing the bootstrap with long run time. For each bootstrap dataset, the final PK model was fit to the PK data to obtain the PK parameter estimates first and then the PD parameters were estimated with the PK parameter estimates fixed (see the PPP&D approach as described previously). For the bootstrap success runs (30 runs), the median and 95% CI for each parameter were compared with the corresponding final parameter estimate.
VPC was performed by correcting for differences within each bin originating from independent variables and covariates in the PK and PK/PD models, prediction-corrected VPC (pcVPCs) [17] . The pcVPCs were performed with 1000 datasets same design as the original dataset and using the final parameter estimates. Observed and simulated PF-04236921 or CRP concentrations time courses (10 th , 50 th and 90 th percentiles) were plotted to confirm whether each observed time course fell within the corresponding 95% prediction interval.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [18] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 [19] .
Results
Observed PK and CRP data
Baseline characteristics and demographics of subjects in the five studies are summarized in Table 2 . 
Final PK model
A two-compartment structure model with first-order absorption and elimination adequately described the rich timecourse PK data in the two Phase 1 studies for healthy subjects. Including nonlinear elimination did not significantly improve the model fitting based on OFV. Bioavailability was estimated to be 100% and was fixed to 100% in the base model. Following the initial base model development using the rich time-course data, the base PK model was applied to the data from all five studies for model refinement. One RA patient with CWRES > 6 was excluded for further analysis, since the observed PK profile was significantly different from the predicted profile, such that inclusion of the data might result in instability of model parameter estimation. CL was estimated separately for the individual population, which was supported by a significant reduction of OFV by 196.695 as compared with estimating a single CL for all population. Including IIV for ka, CL, Vc and Vp estimates was supported by the data. Guided by reduction in OFV, correlation between η CL,i , η Vc,i and η Vp,i was included, whereas η ka,i was assumed as independent. The IIV for Q (η Q,i ) was assumed to be dependent on η Vc,i , where the η Q,i was expressed as a product of a constant and η Vc,i (i.e. η Q,i = θ IIV on Q ·η Vc,i ). Addition of the η Q,i dependent on η Vc,i decreased OFV significantly (ΔOFV = -50.624). Regarding residual error, incorporation of IIV into the error term (addition of η error,i on ε ij , please see the method section) improved not only OFV (ΔOFV = -607.810) but also normality of distribution for the residual errors (CWRES and IWRES). Variance of the residual error (σ 2 ) was estimated for healthy subjects with rich IV PK data (Study B0151001), healthy subjects with rich SC PK data (Study B0151004) and patients with sparse PK data (Study B0151002, B0151003 and B0151006), separately (ΔOFV = -48.304). Figure 2 shows the relationships between covariates of interest and individual parameter random effects η (s) estimates based on the base model ( Figure 2a ) and final models (Figure 2b ; empirical Bayes estimates). For the base model, age and ALB appeared to negatively associate with CL, whereas CLcr and CRP seemed to positively correlate with CL. Age also slightly related to Vc. In the stepwise covariate modelling (SCM), ALB was selected as the most influential covariate for CL (ΔOFV = -77.561 in the backward elimination step), followed by CLcr, CRP and SEX (ΔOFV = -17.695, -12.517 and -7.360, respectively). The condition number of the final model was <1000 (498), indicating no appreciable collinearity among the covariates. No significant covariates were identified for any other PK parameters. The final form for each PK parameter for individual i is given below.
SEX i = 1 male, 2 for female θ CL estimated for healthy, RA, CD, and SLE subjects, respectively.
where θ X and η X represent fixed and random effect parameters, respectively. The SCM step resulted in decrease in OFV by 153.380. The IIV for CL reduced from 42.1% in the final base model to 36.5% in the final PK model.
The parameter estimates for the final PK model are shown in Table 3 . In general, the PK parameters were precisely estimated. Parameter estimate (%RSE) for CL in healthy volunteers and patients with RA and SLE ranged from 0.00546 to 0.00643 l h -1 (4.81-7.52%), which was similar across the subpopulations. The parameter estimate in patients with CD was 0.00946 l h -1 (4.10%), which was Figure 3 shows prediction-and residual-based diagnostic plots for the final model. There was no systematic bias or lack of fit observed, suggesting adequacy of the final PK model in describing the data. The nonparametric bootstrap median [95%CI] values were consistent to those of the final parameter estimates ( Table 3 ). The final model was also evaluated by pcVPCs from 1000 simulations. Figure 4 shows pcVPC plots for the five studies. Although a slight underestimation of the model was observed in the RA population (median prediction concentrations were 16-24% lower than the observed concentrations for 12 weeks), the predicted concentration-time profiles were generally consistent with the observed profiles across the populations. The η-shrinkage for CL, Vc, Vp and ε were low (1.7, 7.3, 5.6 and -0.5%, respectively). Moderate η-shrinkage was observed for ka (59%), which reflected little PK information in the absorption phase in patients with CD and SLE. The ε-shrinkage was 4.3%. In consideration of all the evaluation results, the final PK model adequately described serum PF-04236921 concentrationtime profiles in healthy volunteers and patients with RA, CD, or SLE.
Final PK/PD model for CRP Following the population PK modelling, PK/PD modelling was conducted by sequentially fitting PK and CRP data using PPP&D approach, which incorporated the PK parameter estimates. Typical values of BLCRP, I max and IC 50 were estimated for healthy subjects, RA, CD and SLE patients, separately, which was supported by a significant reduction of OFV by 542.285 as compared with estimating a single BLCRP, I max and IC 50 for all population. Kout was handled as a common parameter for all the population since separate Figure 1 Observed median serum PF-04236921 concentrations vs. time stratifying by protocol and dose (a) and observed median serum CRP concentrations vs. time by protocol and dose (b). HV_IV = B0151001, HV_SC = B0151004, RA_IV = B0151002, CD_SC = B0151003, SLE_SC = B0151006. Median PF-04236921 and CRP concentrations at individual visits derived based on fewer than three observations were excluded from the plots. HV = healthy volunteers; RA = rheumatoid arthritis; CD = Crohn's disease; SLE = systemic lupus erythematosus; IV = intravenous administration; SC = subcutaneous administration Kout estimation for each disease condition did not lead to significantly better model fitting of the data (ΔOFV = -3.142, df = 3) based on model evaluations. IIV for BLCRP, I max and IC 50 (η BLCRP , η Imax and η IC50 ) was incorporated into the model. Since correlation between η BLCRP and η Imax was observed, covariance structure (ω BLCRPÂImax ) was incorporated, resulting in significant decrease in OFV (ΔOFV = -303.853). In the final model, the correlation coefficient (ρ BLCRPÂImax ) was estimated to be 0.852, suggesting high correlation between baseline CRP and I max . The Hill coefficient γ was fixed to 1.0 for HV, RA and CD because of insignificance of the estimation, but estimated separately for SLE (ΔOFV = -8.738). Similar to the PK model, incorporation of IIV into the residual error (η error,i on ε ij ) improved normality of the residual distribution as well as the OFV (ΔOFV = -846.549). Placebo response (CRP time course in placebo group) appeared constant (Supplemental Figure S1) . Therefore, this PK/PD model assumed placebo response (CRP) was constant during the study period. The final forms for the PK/PD model parameters for individual i are given below: SLE i = 1forSLE patietns otherweise SLE i = 0. where θ X and η X represent fixed and random effect parameters, respectively.
As reported in Table 3 , with the indirect response model, the typical value of baseline CRP concentrations were estimated to be 1.16, 7.81, 15.5 and 2.42 mg l -1 in healthy, RA, CD and SLE subjects, respectively. The higher baseline CRP levels in the Phase 2 study in CD can be partly attributed to the baseline entry criteria of CRP > 5 mg l -1
. The estimated Kout value for serum CRP was 0.0238 h , which corresponded to a turnover half-life of~1 day and consistent with the approximately 5-day delay of the maximal CRP reduction relative to the maximal PK. The estimated I max values were 88.1, 97.0, 98.9 and 93.2% for healthy, RA, CD and SLE subjects, respectively. The respective estimated IC 50 values were 391, 41.8, 194 and 388 ng ml
Relationships between covariates and empirical Bayes estimates η (s) derived from the model are presented in Figure 2c and 2d. As expected, observed baseline CRP was clearly correlated to η BLCRP , suggesting the model adequately predicted the individual baseline values. Observed baseline CRP also appeared to be correlated to η Imax , which supported adequacy of the base model where the BLCRP-I max relation was incorporated as a covariance structure for η BLCRP and η Imax (ω BLCRP × Imax ). In the η vs. covariate plot, ALB seemed negatively correlated to η BLCRP and η Imax . For the other covariates, no major relationship was observed. When conducting analysis using models with each covariate or combination of the covariates added, ALB on BLCRP (ΔOFV = -31.017) and ALB on I max (ΔOFV = -47.996) were considered as influential covariates. These results were consistent with the relationship observed in the η vs. covariate plot. As a result, effects of ALB on BLCRP and ALB on I max were added to the base model, which was determined as the final PK/PD model. The final PK/PD model parameter estimates are shown in Table 3 . Figure 3 shows diagnostic plots for the final PK/PD model, supporting goodness of fit of the final PK/PD model. The nonparametric bootstrap median values [95%CI] for the final PK/PD parameters shown in Table 3 are consistent to the corresponding final parameter estimates and its 95%CIs derived from variance-covariance matrix for the parameter estimate. The pcVPC plots for each population shown in Figure 4 also demonstrated adequacy of the model. The η-shrinkage for BLCRP, I max , IC 50 and ε were low (3.8%, 10.9%, 12.6% and -10.7%, respectively). The negative η-shrinkage for ε was considered due to some outliers (seven η error exceeded 4 × ω error ). The η-shrinkage for ε without the outliers was 1.9%. The ε-shrinkage was also low (2.4%). Based on these evaluation results, it is considered that the final PK/PD model adequately describes relationships between serum PF-04236921 concentration-and CRP-time profiles.
Discussion
In this study, integrated PK model and PK/PD model of PF-04236921 on serum CRP were developed to describe simultaneously the data from healthy subjects and RA, CD and SLE patients across five trials. The effects of different potential covariates on the PK and PK/PD were also evaluated.
The final structure PK model of PF-04236921 was a twocompartmental model with first order absorption and linear elimination from the central compartment. All parameters were estimated with sufficient level of certainty and identifiability. The population average SC bioavailability of (continues)
100% is within the reported range for mAb (50-100%) in the literature [20] albeit at the high end, which suggests a minimal loss of PF-04236921 SC dose through presystemic catabolism and/or a presystemic loss of the mAb balanced with FcRn recycling [21] . The population average of Vc and Vp were 3.03 and 3.58 l, respectively, which are within the typical range (3-5 l) of Vc and Vp for monoclonal antibodies [9, 15, 22] . However, the population average CL in healthy subjects and RA and SLE subjects, ranging from 0.00546 to 0.00643 l h -1 (0.131-0.154 l day -1 ), is slightly lower than the typical value of CL of endogenous IgG (0.211 l day -1 ) and the reported typical range of CL for monoclonal antibodies (0.2-0.5 l day -1 ) [15] . In general, the primary route of antibody elimination is via proteolytic catabolism after receptor-mediated endocytosis in the cells of the reticuloendothelial system. Antibody salvage and recirculation mediated by the Brambell receptor (FcRn) plays an important role in protecting IgG antibodies and albumin from ongoing catabolic activities, thus decreasing their CL [15] . It was initially hypothesized that the slightly lower clearance value of PF-04236921 than the literature values could be due to a higher affinity of PF-04236921 to FcRn. For some antibodies, nonclinical data have indicated that a higher binding affinity of antibody to FcRn may decrease the clearance [23, 24] . However, preliminary in vitro studies of PF-04236921 ruled out this hypothesis because the binding affinity of PF-04236921 to Fc domain of the human FcRn appeared to be comparable to reference mAb that possess typical T1/2 of 28 days (data not shown). The exact mechanism underlying the slightly lower clearance of PF-04236921 remains unknown and needs to be further explored. Based on the β-phase elimination rate constant derived from this final PK IC 50 was estimated as IC 50 = exp (θ IC50 ); I max was estimated as I max = exp (θ Imax )/(1 + exp (θ Imax )); RSE is shown as RSE for each θ. CD, Crohn's disease; HV, healthy volunteers; IV, intravenous administration; NA, not applicable; RA, rheumatoid arthritis; SC, subcutaneous administration; SLE, systemic lupus erythematosus a Fixed effect parameter for inter-individual variability of Q (
); e ρ = correlation coefficient (RSE for ω η1, η2 ) f Bootstrap median and 95% CI (mean ± 1.96 × standard deviation) were obtained based on bootstrap runs which successfully converged (30 runs) model, the resulting half-life was approximately 32-39 days in healthy subjects and RA or SLE subjects.
Of the baseline demographic and pathophysiological covariates tested, baseline ALB followed by baseline CL CR and CRP, and SEX were identified as significant covariates for CL after incorporating power models on body weight to all PK parameters (CL, Vc, Q and Vp) in the structure model. Low baseline albumin and high baseline CRP are associated with increases in CL for PF-04236921, which is consistent with the understanding of the clearance mechanisms of antibody under normal and inflammatory conditions. IgG and albumin are known to have similar degradation mechanisms [9, 15, 21] . In patients with serum albumin concentrations below normal range and elevated CRP levels, both markers of systemic inflammation, antibody clearance tends to be higher than patients with median laboratory values [9] . Additionally, negative correlation between baseline albumin and CL were reported for infliximab in patients with ulcerative colitis [25] and ustekinumab in ulcerative colitis and CD [26] based on population PK analysis.
While it is less common that a significant effect of CLc R on total clearance is identified compared with the effects of body weight or sex, CLc R has been reported as a significant covariate affecting apparent clearance for tanezumab [27] , ustekinumab [28] and onartuzumab [29] . Although renal clearance is not considered important for elimination of monoclonal antibodies due to the size-limited inefficient filtration of antibodies through the glomerulus, expression of FcRn in proximal renal cells has been suggested to contribute to transfer of IgG in urine by transcytosis, which may explain the covariate effect of CL CR on the total CL [27] . Nevertheless, the effect of Clcr on clearance of PF-04236921 was considered minor as the CL varied only by 6% when CLcr changed by 20% (data not shown).
Higher CL and Vd in males as compared with females are frequently reported for monoclonal antibodies. Based on our analysis, the clearance of PF-04236921 was 14% lower in female as compared with males (Table 3) . While the underlying mechanism are not fully understood, it was suggested that this slower clearance and lower Vd of monoclonal antibodies in females compared with males may be due to a higher expression of the FcRn receptor in females caused by differences in inflammatory cytokines and/or hormonal expression that are known to modulate FcRn expression and/or lower expression of FcRn in males due to higher muscle mass [27] .
Lastly, after incorporating the body weight effects in the PK structure model and adjusting for the four significant covariates, the population estimate of CL in CD subjects with the other populations, suggesting a higher dose level may be required in CD to achieve comparable exposure. The higher CL of PF-04236921 in CD is consistent with the reported qualitative correlation between the intestinal clearance of monomeric IgG in active CD and UC and the severity of the intestinal lesion [30] . However, this concept of a druglosing enteropathy is currently entirely hypothetical and requires further exploration. Although therapeutic mAbs have been commercially available for 2 decades, limited PK/PD analysis has been reported particularly from integrated cross-study analysis. In the present study, the final PK/PD model of PF-04236921 on serum CRP was an indirect response model in which PF-04236921 inhibits the Kin of CRP. Because IL-6 has been identified as the primary inducer of CRP synthesis by hepatocytes [7] , the indirect response model is consistent with the underlying anti-IL6 mechanism of action of PF-04236921. The estimated Kout value of 0.0238 h -1 was comparable with the CRP turnover rate of 0.026-0.033 h -1 reported in literature [10, 31] . This supports the physiological relevance of the Kout parameter. As expected, baseline serum CRP levels were higher in the patients than healthy subjects [7-, 14-and 2-folder higher in RA, CD (with a baseline entry criterion of CRP ≥ 5 mg l -1 ) and SLE patients, respectively]. In the single ascending dose study in healthy volunteers (Study B0151001), the serum CRP reduction post treatment appeared to be dosedependent, despite of low CRP baseline and large intrasubject variability. In contrast, no clear dose-dependent CRP suppression was reported for anti-IL6 mAb sirukumab [11] and olokizumab [12] in Phase I studies in healthy volunteers. The discrepancy may be because the doses tested in the previous studies were likely too high. In the study for sirukumab, even the lowest dose tested was associated with approximately 50% CRP inhibition [11] . These findings suggest that when assessing PK/PD relationship in healthy subjects, it is particularly important to study over a broad dose range that encompass incomplete to nearly complete target modulation and over a long study duration. Evidence of PK/PD relationship in the first-in-human (FIH) study could provide valuable proof-of-mechanism understanding in early development. The estimated I max value of 88% in healthy subjects was slightly lower than the I max ranging from 93 to 99% in RA, CD and SLE subjects, which may be attributed to the lower baseline CRP levels in healthy subjects compared to patients. The estimated IC 50 values were 391, 42, 194 and 388 ng ml in healthy subjects, RA, CD and SLE patients, respectively. The IC 50 estimate in RA appeared to be lower than in other populations; however, the exact value of the IC 50 values in RA need to be interpreted with caution. As shown in the scattered plots for observed individual percent of change from baseline of serum concentrations of CRP vs. Figure S2 ), the percent of changes of baseline did not reach -50% until serum concentrations of PF-04236921 reached >100 ng ml -1 in CD and SLE subjects but were reached at serum concentrations of PF-04236921 <100 ng ml -1 in RA subjects. Because the serum concentrations of PF-04236921 <100 ng ml -1 , which was the LLOQ of the PK assay, were <10% of the total PK data and thus excluded in the current study, the IC 50 estimate in RA was extrapolated from the current PK/PD model beyond the current available data; thus, need to be interpreted with caution. Baseline CRP and albumin concentrations were identified as two impactful factors on the PD parameters. The I max estimates of PF-04236921 on serum CRP negatively associated with baseline albumin concentrations. Additionally, because acute and chronic inflammatory responses can cause low serum albumin levels and elevated CRP levels, it was not surprising that baseline albumin concentrations negatively associated with baseline CRP levels. However, even after correcting for the covariate effects of baseline albumin on the I max and baseline CRP, a positive correlation still existed between baseline CRP and unexplained IIV in I max . The remaining CRP-I max relation was incorporated as a covariance structure for η BLCRP and η Imax . Based on the covariance, correlation between η BLCRP and η Imax was highly positive (ρ = 0.852). Instead of incorporating the covariance structure for η BLCRP and η Imax , adding baseline CRP (estimated BLCR) as a covariate for I max led to substantial increase in the OFV (ΔOFV = 82.644), thus, WAS not selected for the final model.
Lastly, we used the typical PK and PD parameter estimates simulated the steady-state serum CRP response (% of baseline) following a SC administration of PF-04236921 ranging up to 1000 mg (Week 0, 4 and 12 administration) in typical healthy subjects, and RA, CD and SLE patients. Based on the simulated steady-state dose-response (Supplemental Figure  S3) , the steady-state ED 50 values was approximately 5, 0.6, 5 and 6 mg in healthy, RA, CD and SLE subjects, respectively. The steady-state ED 90 values were predicted to be >1000, 7, 51 and 43 mg, in healthy, RA, CD and SLE subjects, respectively. The steady-state ED 50 and ED 90 estimates in CD and SLE are in general consistent with the observed responses in serum concentrations of CRP in the dose-ranging study studies B0151003 in CD [2] and B0151006 in SLE [6] . For example, following administration of multiple SC doses of 10 mg, 50 mg and 200 mg of PF-04236921 on Day 1 and 28, median percentages of change from baseline in CRP concentrations were -66, -86 and -96%, compared with -12% for placebo at Week 12 in CD patients [2] .
In conclusion, the current population modelling thoroughly studied and compared the anti-IL6 antibody PK and PD parameters in healthy volunteers, RA, CD and SLE subjects using population PK and PK/PD modelling approach. The current model enables simulation of PF-04236921 PK and PD profiles under various dosing regimens and patient populations and should facilitate future clinical study of PF-04236921 and other anti-IL6 monoclonal antibodies. Furthermore, the current population PK/PD model with its physiologically relevant model structure and parameter estimates can be easily integrated into models of a different level of mechanistic details to enhance model-based drug discovery and development. As previously published [32] , we developed a multiscale system-level model of IL-6-mediated immune regulation in Crohn's disease. The multiscaled model integrated intracellular signalling with organ-level dynamics of pharmacological markers underlying the disease including CRP and linking it to the PK and PD data of anti-IL6 and anti-IL-receptor therapeutic agents. It would be of great value to reverse translate and integrate the PK/PD understanding from the current population analysis into the system model to further advance the multiscale model development. In addition, the current models can be expanded to incorporate efficacy and safety data for characterization of exposureresponse relationships in efficacy and safety, and to guide the development of safer and more effective treatment paradigms with anti-IL6 therapeutic agents. estimated to be 61.2%, 1170 ng ml 
